Threshold Capillary Pressure Measurements of Very Tight Rocks by Cavaillez, Jean-Romain & Cavaillez, Jean-Romain
  
 
IMPERIAL COLLEGE LONDON 
  
 
Department of Earth Science and Engineering 
 
Centre for Petroleum Studies 
 
 
 
 
Threshold capillary pressure measurements of very tight rocks  
 
 
by 
Jean-Romain Cavaillez 
 
In conjunction with TOTAL S.A.  
 
 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for 
the MSc and/or the DIC. 
 
 
 
 
 
September 2010 
DECLARATION OF OWN WORK 
 
 
 
 
 
 
 
 
 
 
I declare that this thesis: 
 
Threshold capillary pressure measurements of very tight rocks 
 
 
is entirely my own work and that where any material could be construed as the work of others, it is fully 
cited and referenced, and/or with appropriate acknowledgement given. 
 
 
 
Signature:…………………... 
Name of student: Jean-Romain Cavaillez 
Name of supervisors: Prof. Martin Blunt (Imperial College London), Bruno Lalanne (Total S.A.) and  
                                    Hamid Pourpak (Total S.A.).
II 
ACKNOWLEDGEMENTS 
I would firstly like to thank my supervisor at Imperial College London, Pr. Martin J. Blunt, for his helpful 
suggestions and comments throughout this project.  
I would also like to express my gratitude to Bruno Lalanne and Hamid Pourpak, Total, who supervised 
my project and provided precious support and advice and greatly contributed to the success of the 
project.  
I am also grateful to Abbas Zerkoune, Total, for his helpful advice and suggestions and to Elvira 
Milovanova, Total, for all the support she provided during my time at CSTJF and her comments on my 
report. To Anne Saint Pierre, Total, I also owe special thanks for helping me with the experimental work. 
I would also like to extend my thanks to the London Petrophysical Society for their financial support. 
I would finally like to thank my parents and my sister for their moral support during all this year. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
III 
TABLE OF CONTENTS 
DECLARATION OF OWN WORK ............................................................................................................ II 
ACKNOWLEDGEMENTS ....................................................................................................................... III 
TABLE OF CONTENTS ........................................................................................................................... IV 
 
MAIN REPORT .............................................................................................................................................  
 
Threshold capillary pressure measurements of very tight rocks .................................................................. 1 
Abstract ..................................................................................................................................................... 1 
Introduction ............................................................................................................................................... 1 
Overview of conventional capillary pressure measurements techniques ................................................. 3 
Principle of the dynamic approach ........................................................................................................... 4 
Experimental set-up and procedure .......................................................................................................... 4 
Sensitivity analysis ................................................................................................................................... 5 
Base case. .............................................................................................................................................. 5 
Injection pressure effects on measurement precision ............................................................................ 8 
Investigation of porosity range .............................................................................................................. 9 
Investigation of permeability range..................................................................................................... 10 
Investigation of improvements realized with better volume measurement accuracy ......................... 11 
Investigation of permeability uncertainty on measurement accuracy ................................................. 11 
Experimental comparison tests ............................................................................................................... 12 
Conclusions and perspectives ................................................................................................................. 13 
References ............................................................................................................................................... 14 
 
APPENDICES ............................................................................................................................................ 15 
 
APPENDIX A – Literature review appendices .......................................................................................... 15 
APPENDIX B – Interpretation and threshold capillary pressure extrapolations curves ............................ 25 
APPENDIX C – Flow simulation code developed for SENDRA software ............................................... 33 
APPENDIX D – Capillary pressure curves ................................................................................................ 39 
APPENDIX E – Brine production curves with the stepwise method......................................................... 41 
APPENDIX F – Threshold capillary pressure extrapolation on experimental curves ............................... 42 
APPENDIX G – Experimental procedure to determine both brine permeability and displacement 
capillary pressure on tight core plugs ......................................................................................................... 43 
Appendix references ............................................................................................................................... 44 
 
 
IV 
FIGURES .......................................................................................................................................................  
 
Figure 1:  Diagram illustrating the capillary pressure phenomenon at the interface between a reservoir 
rock and its caprock (P. Chiquet et al, 2005)................................................................................................ 2 
Figure 2: Scheme of the experimental apparatus.......................................................................................... 4 
Figure 3: Pressure step and typical production curve recorded at the outlet with a break of slope 
(experimental curve from a test performed at Total, December 2009) ........................................................ 5 
Figure 4: Base case capillary pressure curve (Total memo N09-02, 2009). ................................................ 6 
Figure 5: Base case relative permeabilities curves (Total memo N09-02, 2009) (in red gas, in blue water)
 ...................................................................................................................................................................... 6 
Figure 6: Pressure profiles at different times in the water phase for the base case. ..................................... 6 
Figure 7: Pressure profiles at different times in the gas phase for the base case. ......................................... 6 
Figure 8: Base case cumulative brine volume against time.......................................................................... 7 
Figure 9: Gas (Nitrogen) saturation along the core plug at different times for the base case. ..................... 7 
Figure 10: Logarithmic modeling of the capillary pressure points (base case) evaluated with the dynamic 
method. ......................................................................................................................................................... 8 
Figure 11: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case). ..................................................................................................................... 8 
Figure 12: Threshold capillary pressure interpretations for different injection pressures. Real 
displacement pressure is shown in blue with its confidence interval marked by dotted line. ...................... 8 
Figure 13: Water saturation along the plug at different times showing large nitrogen invasion for an 
injection pressure of 2.6 times the threshold capillary pressure. .................................................................. 9 
Figure 14: Threshold capillary pressure interpretations for different values of porosities. Real 
displacement pressure is shown in blue with its confidence interval marked by dotted line. ...................... 9 
Figure 15: Threshold capillary pressure interpretations for different values of permeabilities. Real 
displacement pressure is shown in blue with its confidence interval marked by dotted line. .................... 10 
Figure 16: Threshold capillary pressure interpretations for different errors of permeability determination. 
Real displacement pressure is shown in blue with its confidence interval marked by dotted line. ............ 11 
Figure 17: Brine volume produced against time for plug 3 with injection pressure of 70 bars (low 
injection pressure)....................................................................................................................................... 13 
Figure 18: Brine volume produced against time for plug 1 with injection pressure of 140 (mid injection 
pressure in blue) and 100 bars (low injection pressure in red). .................................................................. 13 
Figure 19: Plug 2 scan showing maximum density layer. .......................................................................... 13 
Figure 20: Plug 2 scan showing minimum density layer. .......................................................................... 13 
Figure 21: Logarithmic modeling of the capillary pressure points (30 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 25 
Figure 22: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (30 bars injection). ....................................................................................................... 25 
Figure 23: Logarithmic modeling of the capillary pressure points (40 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 25 
Figure 24: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (40 bars injection). ....................................................................................................... 25 
Figure 25: Logarithmic modeling of the capillary pressure points (base case) evaluated with the dynamic 
method. ....................................................................................................................................................... 25 
Figure 26: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case). ................................................................................................................... 25 
Figure 27: Logarithmic modeling of the capillary pressure points (60 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 26 
Figure 28: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (60 bars injection). ....................................................................................................... 26 
Figure 29: Logarithmic modeling of the capillary pressure points (70 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 26 
V 
Figure 30: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (70 bars injection). ....................................................................................................... 26 
Figure 31: Logarithmic modeling of the capillary pressure points (80 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 26 
Figure 32: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (80 bars injection). ....................................................................................................... 26 
Figure 33: Logarithmic modeling of the capillary pressure points (90 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 26 
Figure 34: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (90 bars injection). ....................................................................................................... 26 
Figure 35: Logarithmic modeling of the capillary pressure points (100 bars injection) evaluated with the 
dynamic method. ........................................................................................................................................ 27 
Figure 36: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (100 bars injection). ..................................................................................................... 27 
Figure 37: Logarithmic modeling of the capillary pressure points (5% porosity) evaluated with the 
dynamic method. ........................................................................................................................................ 27 
Figure 38: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity). ............................................................................................................... 27 
Figure 39: Logarithmic modeling of the capillary pressure points (10% porosity) evaluated with the 
dynamic method. ........................................................................................................................................ 27 
Figure 40: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity). ............................................................................................................. 27 
Figure 41: Logarithmic modeling of the capillary pressure points (15% porosity) evaluated with the 
dynamic method. ........................................................................................................................................ 27 
Figure 42: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity). ............................................................................................................. 27 
Figure 43: Logarithmic modeling of the capillary pressure points (25% porosity) evaluated with the 
dynamic method. ........................................................................................................................................ 28 
Figure 44: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity). ............................................................................................................. 28 
Figure 45: Logarithmic modeling of the capillary pressure points (5% porosity- low injection) evaluated 
with the dynamic method. .......................................................................................................................... 28 
Figure 46: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity-low injection). ........................................................................................ 28 
Figure 47: Logarithmic modeling of the capillary pressure points (5% porosity- high injection) evaluated 
with the dynamic method. .......................................................................................................................... 28 
Figure 48: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity-high injection). ....................................................................................... 28 
Figure 49: Logarithmic modeling of the capillary pressure points (10% porosity- low injection) evaluated 
with the dynamic method. .......................................................................................................................... 28 
Figure 50: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity-low injection). ...................................................................................... 28 
Figure 51: Logarithmic modeling of the capillary pressure points (10% porosity-high injection) evaluated 
with the dynamic method. .......................................................................................................................... 29 
Figure 52: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity-high injection,). .................................................................................... 29 
Figure 53: Logarithmic modeling of the capillary pressure points (15% porosity- low injection) evaluated 
with the dynamic method. .......................................................................................................................... 29 
Figure 54: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity-low injection). ...................................................................................... 29 
Figure 55: Logarithmic modeling of the capillary pressure points (15% porosity-high injection) evaluated 
with the dynamic method. .......................................................................................................................... 29 
VI 
Figure 56: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity-high injection). ..................................................................................... 29 
Figure 57: Logarithmic modeling of the capillary pressure points (25% porosity- low injection) evaluated 
with the dynamic method. .......................................................................................................................... 29 
Figure 58: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity-low injection). ...................................................................................... 29 
Figure 59: Logarithmic modeling of the capillary pressure points (25% porosity-high injection) evaluated 
with the dynamic method. .......................................................................................................................... 30 
Figure 60: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity-high injection). ..................................................................................... 30 
Figure 61: Logarithmic modeling of the capillary pressure points (10
-5
mD permeability) evaluated with 
the dynamic method. .................................................................................................................................. 30 
Figure 62: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10
-5
mD permeability). ................................................................................................. 30 
Figure 63: Logarithmic modeling of the capillary pressure points (5.10
-5
mD permeability) evaluated with 
the dynamic method. .................................................................................................................................. 30 
Figure 64: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (5.10
-5
mD permeability). .............................................................................................. 30 
Figure 65: Logarithmic modeling of the capillary pressure points (10
-3
mD permeability) evaluated with 
the dynamic method. .................................................................................................................................. 30 
Figure 66: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability). ................................................................................................. 30 
Figure 67: Logarithmic modeling of the capillary pressure points (10
-5
mD permeability-low injection) 
evaluated with the dynamic method. .......................................................................................................... 31 
Figure 68: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10
-5
mD permeability-low injection). .......................................................................... 31 
Figure 69: Logarithmic modeling of the capillary pressure points (5.10
-5
mD permeability-low injection) 
evaluated with the dynamic method. .......................................................................................................... 31 
Figure 70: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (5.10
-5
mD permeability-low injection). ....................................................................... 31 
Figure 71: Logarithmic modeling of the capillary pressure points (10
-3
mD permeability-low injection) 
evaluated with the dynamic method. .......................................................................................................... 31 
Figure 72: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability-low injection). .......................................................................... 31 
Figure 73: Logarithmic modeling of the capillary pressure points (10-3mD permeability-high injection) 
evaluated with the dynamic method. .......................................................................................................... 31 
Figure 74: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability-high injection). ......................................................................... 31 
Figure 75: Logarithmic modeling of the capillary pressure points (0.01cc burette resolution) evaluated 
with the dynamic method. .......................................................................................................................... 32 
Figure 76: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (0.01cc burette resolution). .......................................................................................... 32 
Figure 77: Logarithmic modeling of the capillary pressure points (0.005cc burette resolution) evaluated 
with the dynamic method. .......................................................................................................................... 32 
Figure 78: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (0.005cc burette resolution). ........................................................................................ 32 
Figure 79: Logarithmic modeling of the capillary pressure points (0.001cc burette resolution) evaluated 
with the dynamic method. .......................................................................................................................... 32 
Figure 80: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (0.001cc burette resolution). ........................................................................................ 32 
Figure 81: Logarithmic modeling of the capillary pressure points (base case with 5% error on 
permeability) evaluated with the dynamic method......................................................................................33 
VII 
Figure 82: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case with 5% error on permeability)....................................................................34 
Figure 83: Logarithmic modeling of the capillary pressure points (base case with 10% error on 
permeability) evaluated with the dynamic method......................................................................................34 
Figure 84: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case with 10% error on permeability)..................................................................34 
Figure 85: Logarithmic modeling of the capillary pressure points (base case with 15% error on 
permeability) evaluated with the dynamic method......................................................................................34 
Figure 86: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case with 15% error on permeability)..................................................................34 
Figure 87: Logarithmic modeling of the capillary pressure points (base case with 20% error on 
permeability) evaluated with the dynamic method......................................................................................33 
Figure 88: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case with 20% error on permeability)..................................................................34 
Figure 89: Logarithmic modeling of the capillary pressure points (base case with 25% error on 
permeability) evaluated with the dynamic method......................................................................................34 
Figure 90: Extrapolation of threshold capillary pressure using a tangent on the capillary pressure 
logarithmic model (base case with 25% error on permeability)..................................................................34 
Figure 91: Capillary pressure curve (base case). ........................................................................................ 39 
Figure 92: Capillary pressure curve (5.10
-5
mD permeability). .................................................................. 39 
Figure 93: Capillary pressure curve (10
-3
mD permeability). ..................................................................... 39 
Figure 94: Capillary pressure curve (25% porosity). ................................................................................. 39 
Figure 95: Capillary pressure curve (10
-5
mD permeability). ..................................................................... 39 
Figure 96: Capillary pressure curve (5% porosity). ................................................................................... 39 
Figure 97: Capillary pressure curve (15% porosity). ................................................................................. 40 
Figure 98: Capillary pressure curve (10% porosity). ................................................................................. 40 
Figure 99: Brine production against time for different levels of pressure injection (plug 1 twin). ............ 41 
Figure 100: Brine production against time for different levels of pressure injection (plug 2 twin). .......... 41 
Figure 101: Brine production against time for different levels of pressure injection (plug 3 twin). .......... 41 
Figure 102: Brine produced at the outlet against time for plug 1 with injection pressure of 100 bars. ..... 42 
Figure 103: Brine volume produced against time dataset and smoothed dataset for plug 1 with injection 
pressure of 100 bars. ................................................................................................................................... 42 
Figure 104: Smoothed dataset modelling with identification of the “break of slope point” for plug 1 with 
injection pressure of 100 bars. .................................................................................................................... 42 
Figure 105: Threshold capillary pressure curve from smoothed dataset modelling with stepwise-found 
threshold capillary pressure in red, the rectangle is the break of slope point area………………..............42 
  
 
TABLES .........................................................................................................................................................  
 
Table 1: Overview of conventional capillary pressure measurements techniques ....................................... 3 
Table 2: Parameters for the flow simulation  base case ............................................................................... 5 
Table 3: Numerical simulation results of the base case................................................................................ 7 
Table 4: Injection pressure sensitivity results............................................................................................... 8 
Table 5: Porosity sensitivity results .............................................................................................................. 9 
Table 6: Permeability sensitivity results ..................................................................................................... 10 
Table 7: Volume measurement accuracy sensitivity results ....................................................................... 11 
Table 9: Methods’comparison results......................................................................................................... 12 
Table 10: Milestones in threshold capillary pressure determination techniques ........................................ 15 
 
VIII 
 
 
 
 
Threshold capillary pressure measurements of very tight rocks  
 
Jean-Romain Cavaillez, Imperial College London 
 
Prof. Martin Blunt, Imperial College London 
Bruno Lalanne, Total S.A. 
Hamid Pourpak, Total S.A. 
 
Abstract 
Evaluating correctly and in a short period of time the threshold capillary properties of tight and very tight rocks (10
-4
mD) is a 
major concern. Thus, the capillary displacement pressure is of great importance in the context of reservoir production, 
geological modelling and underground storage (natural gas or carbon dioxide) as it determined the maximum height of fluids 
that can be held back by the reservoir seal. 
We measure threshold capillary pressure under in-situ conditions through nitrogen displacement within very tight samples 
(the dynamic method). Key parameters for measurement accuracy are evaluated. The method relies on the observation that 
under an injection at a constant pressure drop (above the displacement pressure), the pressure profile within the core comprises 
three parts: the region invaded by nitrogen, the interface zone with a pressure jump associated with the threshold capillary 
pressure, and the virgin region still saturated with the brine. Prior to the gas invasion, the brine production rate due to the 
pressure differential between the core plug two faces can be evaluated through Darcy’s law. During the gas penetration, a 
production rate reduction is noticed due to the threshold pressure jump at the displacement front. At the start of this 
phenomenon, the region invaded by gas is small and therefore the pressure drop negligible. Besides, the pressure drop in the 
unswept area can still be evaluated using Darcy’s law with the new production rate. The pressure jump at the interface gas-
brine (i.e. the threshold capillary pressure) is obtained by subtracting this pressure drop value from the overall pressure drop 
value.   
The sensitivity analysis of the dynamic method run on a flow simulator concludes that an injection pressure close to the 
threshold capillary pressure point gives better result than a level of injection beyond 3 times this value. Performances are 
similar on a large range of injection pressures (1.1 to 2.6 the displacement pressure). The dynamic method appears to be 
suitable for very difficult cases (i.e. low porosity 5% - very low permeability 10
-5
mD) with adequate apparatus volume 
measurement resolution. Finally, determination of the absolute permeability of the sample is an important parameter as it can 
lead to significant estimation errors. However, comparison between simulations on real experiments highlights the difficulty to 
model accurately the complex fluids behaviour within the rock. 
During the experimental tests, the dynamic method has been compared to the stepwise method to measure the displacement 
pressure of 3 caprock samples (marlstone). The results are promising and demonstrate that the dynamic approach provides 
estimations in the same range than the stepwise technique (+/- 2.5 bars) four times faster. Considering the number of tests, 
further investigations are needed to conclude definitively on the interest of this technique to measure threshold capillary 
pressures on very tight rocks especially on low porosity (<5%), very tight (<10
-4
mD) cases . 
Introduction 
The threshold capillary pressure, or displacement pressure, characterizes the ability of a porous medium saturated with a 
wetting phase to block the flow of a non-wetting phase (see figure 1). Its value is related to the size of the largest pore throat in 
the porous medium and is given by the Laplace's equation: 
 
𝑃𝑐𝑡ℎ =
2𝜎 𝑐𝑜𝑠 𝜃
𝑅𝑚𝑎𝑥_𝑡ℎ𝑟𝑜𝑎𝑡
       (1) 
 
where 𝑃𝑐𝑡ℎis the threshold capillary pressure, 𝜎 the interfacial tension between the wetting fluid and the non-wetting fluid, 𝜃 
the contact angle between the two phases, 𝑅𝑚𝑎𝑥_𝑡ℎ𝑟𝑜𝑎𝑡 the largest throat radius. 
Hence, the pressure difference between the non-wetting and the wetting phase (i.e. capillary pressure) must exceed this 
threshold value before the non-wetting phase can start draining the porous medium and flowing. Threshold 𝑃𝑐𝑡ℎ is a key 
parameter of caprocks but also impacts the reservoir production. For instance, the applications related to the threshold 𝑃𝑐𝑡ℎ 
involved fine grained rock materials such as caprocks either to parameterize basin modelling or to evaluate the integrity of a 
geological formation in the context of natural gas or CO2 storage. Reliable displacement pressure values are needed in basin 
modelling because they control the fluxes of fluids through the caprocks over the geological times. Therefore, threshold 𝑃𝑐𝑡ℎ 
directly impacts the volume and the localisation of hydrocarbons trapped and over-pressured formations (Katz and Ibrahim, 
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1971). Threshold 𝑃𝑐𝑡ℎ is also important when it comes to designing geological storage and avoiding an upward migration of 
the injected fluid into the overlaying formations. Once in place, the injected fluid (natural gas or carbon dioxide) forms a 
column in the reservoir leading to a pressure difference with the water phase due to the density contrast (buoyancy). Because 
the pressures are equal at the aquifer level, the maximum pressure difference is reached just below the caprock. The injection 
itself can also induce local pressure increases in the injected phase that must be added to the static capillary pressure. One of 
the objectives of reservoir storage simulations is to check that the capillary pressure at the contact between the reservoir and 
the caprock never exceeds the threshold pressure, in order to insure the long-term containment of the injected fluid (Egermann, 
2006). 
This study presents a procedure to measure the displacement pressure on very tight rocks in a more efficient way than the 
stepwise injection method under reservoir conditions (Al-Bazali et al, 2005) (see overview of conventional capillary pressure 
measurements techniques part for a presentation of the stepwise technique). The proposed approach relies on the interpretation 
of a nitrogen dynamic injection test. The displacement pressure is defined as the pressure difference between the injected and 
water phase which is needed to overcome capillary forces and does not contribute to the flow of the injected fluid. Therefore, 
the threshold 𝑃𝑐𝑡ℎ can be obtained by using the recorded production rate to calculate the actual driving pressure gradient and 
subtracting this from the total pressure difference. 
The first part describes the principle of the dynamic method and a sensitivity analysis on the key parameters involved. 
Then a comparative study with the stepwise method is performed on twin core plugs from the Lussagnet field (South West of 
France). Ultimately, the method is discussed in terms of its applicability under reservoir conditions and conclusions are drawn 
on possible future improvements to be conducted. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Diagram illustrating the capillary pressure 
phenomenon at the interface between a reservoir rock and its 
caprock (Chiquet et al, 2005). 
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Overview of conventional capillary pressure measurement techniques  
An overview of the common techniques used in the industry to measure capillary pressures is presented in Table 1. The 
technique we referred as “stepwise injection method under reservoir conditions or under stress” is our reference method to 
assess the dynamic method. This method simply relies on the definition of the displacement pressure (i.e. the pressure at which 
a fluid starts flowing within a rock sample). The non-wetting fluid is injected at different pressure levels and the water exuded 
from the core is recorded at the outlet. After a first phase when only the cell dead volume of water is produced, no brine is 
produced if the pressure level is below the displacement capillary pressure. Henceforth, the threshold capillary pressure is 
reached when a pressure step triggers again brine production at the outlet. This method also enables a measure of the rock 
permeability when the dead volume of water within the cell is produced. 
 
Table 1: Overview of conventional capillary pressure measurements techniques 
Technique Purcell 
Stepwise 
(conventional) 
Stepwise 
(under stress) 
Centrifugation 
Fluid 
− injected 
Mercury Gas (Air, N2) 
Gas (Air, N2) 
Oil (Neutral, Stock-
tank) 
Gas (Air, N2) 
Oil (Neutral, 
Stocktank) 
− in place Vacuum Liquid (water) Liquid (water) Liquid (water) 
Sample 
Individual (23x25 
mm) 
(Dia:40 mm in future) 
Series 
(Dia:23 mm → 40 mm) 
Individual 
(Dia:40 mm → 50 mm) 
Individual 
(Dia:23 mm or 40 mm) 
Injected-fluid pressure → 4000 bars →200 bars →200 bars 
12 bars (oil) 
80 bars (gas) 
Temperature room room room → 100°C room → 100°C 
Outside stress 0 0 0 → 500 bar Variable load 
Sw determination Volume Hg Exuded water volume Exuded water volume 
Exuded water volume 
+ interpretation 
Advantages 
− High pressure 
− Fast, repeatable 
− Imbibition 
possible 
− Analysis of 
porous network 
(micro−porosity) 
− Equilibrium states 
 
 
− Series of 
Measurements 
− Measurements           
possible on 
unconsolidated 
samples 
−  Permeability 
measure 
 
 
 
 
 
− Reservoir fluids 
used 
− Measurements           
possible on 
unconsolidated 
samples 
− Reliable 
− Representative 
_ Permeability 
measure 
− Uses reservoir oil 
− Can use low 
permeability 
samples 
− Pc forced 
imbibition 
− Sorw measurement 
 
 
 
Disadvantages 
− Destructive 
− Complexity of 
fluid/solid 
interactions not 
represented 
− Requires 
transformation 
 of the reservoir fluid 
system. 
 
 
 
− Lab conditions 
(Patm, Troom) 
− Requires 
transformation in 
liquid/ liquid system 
− Hidden 
experimental 
difficulties 
− Long procedure 
− Only threshold 
capillary point 
 
− Long procedure 
− Only threshold 
capillary point 
 
 
 
 
 
 
 
 
 
− Low pressures 
-Problems with 
unconsolidated and 
friable samples 
− Problem due to 
acceleration 
− Saturation 
calculated 
indirectly using 
model 
(sample saturation 
profile) 
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Principle of the dynamic approach 
The basic idea of the dynamic approach is that the threshold capillary pressure can be directly derived from the total or local 
differential pressure and brine production rate during the early part of a gas flood test. The method was first published by IFP 
(Egermann, 2006); the theoretical elements behind the method described in this publication are recapitulated hereafter: 
By definition, the displacement pressure is referred as the pressure difference between the injected and water phase which 
is needed to overcome capillary forces and does not contribute to the flow of the injected fluid. Therefore, the pressure profile 
can be expressed as developed below; considering a core plug initially saturated with brine and put under flowing conditions 
with a non-wetting fluid by applying a constant overall pressure drop (∆𝑃𝑡) (above the threshold Pc) across it: 
 
∆𝑃𝑡 = ∆𝑃𝑛𝑤 + 𝑃𝑐
𝑓𝑟𝑜𝑛𝑡 + ∆𝑃𝑤 = ∆𝑃𝑛𝑤 + 𝑃𝑐
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 + ∆𝑃𝑤      (2) 
 
where ∆𝑃𝑡is the overall pressure drop across the sample; ∆𝑃𝑛𝑤the pressure drop in the non-wetting fluid invaded region; 
∆𝑃𝑤the pressure drop in the virgin region; 𝑃𝑐
𝑓𝑟𝑜𝑛𝑡
 the capillary pressure jump at the front which is also the threshold capillary 
pressure 𝑃𝑐
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 . 
 
Two assumptions can be made at early time considering that the volume of the invaded region is rather small at the start of 
the flooding.  
 The pressure drop in the non-wetting invaded region is neglected. 
 The pressure drop in the virgin region which generates a counter pressure in the brine phase is deduced from the 
effective brine production rate recorded at the core’s outlet using Darcy’s law. 
∆𝑃𝑤 =
𝐿𝜇𝑤 
𝐾𝑤𝐴
𝑄𝑤
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒        (3) 
where ∆𝑃𝑤is the pressure drop in the virgin region; L the core plug length; 𝐾𝑤 the absolute permeability; A the core plug 
section; 𝜇𝑤  the brine viscosity; and 𝑄𝑤
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
the effective brine production rate. 
 
Therefore the displacement pressure is given by the following expression using previous notations. 
𝑃𝑐
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = ∆𝑃𝑡 − ∆𝑃𝑤         (4) 
Experimental set-up and procedure 
The experimental equipment is exactly similar to the one used for stepwise capillary pressure measurements. In thermo-
regulated containment shells, the sample is placed in a sheath under a confining pressure. A semi-water-permeable membrane 
is mounted at one end and the other end receives injections of gas (nitrogen), at varying pressure levels. The expelled water is 
measured in a burette (Sw) and the resistance of the sample is measured by a permanent 2-electrode system. A scheme of the 
apparatus is presented hereafter on figure 2. 
 
 
 
  
 
 
 
 
 
 
 
A short summary of the important steps is provided hereafter and detailed procedure is presented in “Appendix G”. 
 Preparation: the non-wetting fluid is injected into the core plug saturated with brine at a constant ΔPt a priori chosen 
higher than the expected threshold𝑃𝑐𝑡ℎ. This value can be chosen based on correlations of the absolute permeability 
available in the literature or from measures realized on similar rock types.  
 First phase: during this stage the non-wetting fluid is still located in the inlet part of the system, only the wetting fluid 
flows in the sample with the overall pressure drop (ΔPt) as pressure gradient. The associated brine flow recorded at the 
outlet directly corresponds to Darcy's law using the overall absolute permeability value. This first period is critical as it 
provides the baseline of the brine flow rate at test conditions. During this phase, Darcy’s equation is used to obtain the 
permeability of the core plug. 
 
 
 
Figure 2: Scheme of the experimental apparatus 
(B. Layan, 1996). 
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 Second phase: when the non-wetting fluid reaches the inlet face of the core and invades a substantial part of the core 
plug; the threshold 𝑃𝑐𝑡ℎ causes a decrease in the effective pressure gradient displacing the brine (capillary pressure 
jump), which is detected at the outlet by a bending of the production curve (lower brine flow rate). The threshold 
capillary pressure is evaluated at the “break of slope point” using “equation 4”. Figure 3 below shows the slope’s 
change when the non wetting fluid enters the core plug.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity analysis 
The objective of the sensitivity analysis in this study is to obtain a basic and qualitative understanding of each parameter and 
their impact on each response of the experimental system. One aim is also to exhibit the range of permeabilities and porosities 
on which the dynamic method can be applied with satisfactory results. The simulations are done to evaluate only one variable 
at a time while keeping others parameters constant. Therefore, this simulation protocol enables the analysis of the effects of the 
evaluated parameter under a given set of specific conditions. Besides, we assumed the analyzed parameters are not correlated 
and that the possible interactions are limited. All interpretations and extrapolation curves are displayed in Appendix B. 
The tests are run on two different flow simulation software (Sendra and Cydar) to account for calculations or differential 
equations solving artefacts. (The code developed for “Sendra” is in Appendix C). 
 
Base case. Our base case is representative of the Lussagnet field caprock on which the dynamic method is going to be 
assessed. The board hereafter is a summary of the base case characteristics.  
  
Table 2: Parameters for the flow simulation  base case 
Core plug Parameters values 
Section 
Length 
Porosity 
Permeability 
15cm² 
5cm 
20% 
10
-4
mD 
Fluids Properties are given at 65°C 
Wetting fluid 
Density 
Viscosity 
Brine 
1036 kg/m
3 
1 cp 
Non wetting fluid 
Density 
Viscosity 
Nitrogen (N2) 
1.01 kg/m
3
 
0.019 cp 
Experimental settings  
Gas injection pressure 
Pressure at the outlet 
Temperature 
Burette resolution 
Core plug position 
Sampling rate 
51 bars 
1 bar 
65°C 
0.02cc 
Vertical 
60 minutes 
Corey modelling  
Residual water saturation 
Residual gas saturation 
Corey gas exponent 
Corey water exponent 
0.6 (fraction) 
0 (fraction) 
2.5 
4.0 
Capillary pressure  
Displacement pressure 26.8 bars 
Figure 3: Pressure step and typical production curve 
recorded at the outlet with a break of slope (experimental 
curve from a test performed at Total, December 2009). 
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The relative permeabilities are modelled with Corey exponents from special core analysis data of analogous rock materials 
(marlstone) (Total memo N09-02, 2009). The capillary pressure curve used is also derived from previous measurements 
realized within Total’s lab in December 2009. These measurements were realized with the Purcell method (W.R. Purcell, 
1949) on a core plug with similar properties than the ones mentioned in the board above. Both capillary pressure and relative 
permeability curves are presented in figures 4 and 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The boundary conditions of the flow simulations are the pressure applied at the inlet and outlet of the core. Figures 6 and 7 
show the pressure in the water phase and the pressure in the gas phase respectively. The threshold capillary term is apparent on 
these graphs: 
 The gas pressure limit at the outlet just before breakthrough is equal to the displacement pressure value plus the 
atmospheric pressure (pressure at the outlet).  
 Pressure in the water phase at the inlet during the start of the test is equal to the pressure at the outlet plus the threshold 
capillary pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Pressure profiles at different times in the water phase for the base case. 
Figure 7: Pressure profiles at different times in the gas phase for the base case. 
 
Figure 5: Base case relative permeabilities curves 
(Total memo N09-02, 2009) (in red gas, in blue water). 
Figure 4: Base case capillary pressure curve (Total 
memo N09-02, 2009). 
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Graph 8 below shows the brine cumulative production at the core’s outlet during the entire test duration. However, the 
brine production curve in this figure obtained from flow simulation software doesn’t present any “break of slope point” feature 
(unlike experimental curve presented in figure 3), because flow simulation starts only when the gas penetrates the core plug. 
Hence, the second phase (see “Experimental set-up and procedure”), where the water contained in the cell dead volume is 
produced, is not simulated. A solution could be to concatenate a volume with 100% porosity and adequate permeability given 
the diameter.  
 The brine production at early time is in the range of 0 to 0.004 cc. This value must be compared with the experimental 
equipment used whose sensitivity is around 0.02cc. Therefore, the extrapolation from early time liquid production (the 
“break of slope point” if the one-phase flow phase was plotted) is not possible and the entire analysis relies on later 
times when this production is large enough to be detected at the outlet.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The saturation profile within the plug is displayed below (figure 9) and shows that breakthrough occurs 4000 minutes after 
the start of injection. In terms of pore volume, the gas invades around 5% of the porous medium when the gas starts flowing at 
the outlet. This observation confirms that the dynamic method assumptions are still verified and henceforth be used to 
determine the threshold capillary pressure. 
   
 
 
 
 
 
 
 
 
The following table presents the numerical simulation results of the base case. The threshold capillary pressures derived for 
later times must be modelled and extrapolated for early times. 
 
Table 3: Numerical simulation results of the base case 
Time (minutes) 60 100 200 300 400 500 
Cumulated 
production (cc) 
 
0.02 0.03 0.06 0.09 0.12 0.14 
Qw
effective(cc/h) 
 
0,020 0,019 0.018 0.018 0.018 0.017 
∆Pw(bar) 18.8 18 16.9 16.9 16.9 15.8 
Pc
threshold  (bar) 31.2 32.0 33.1 33.1 33.19 34.2 
Figure 8: Base case cumulative brine volume against 
time. 
Figure 9: Gas (Nitrogen) saturation along the core plug at different times for the base case. 
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The modelling is done using a logarithmic function that gives the best correlation factor and a characteristic trend of 
capillary pressure curve (Figure 10). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The extrapolation of the real displacement pressure is done using the tangent to the logarithmic model at early times and its 
intersection with the “y-axis” (Figure 11). It is important to notice that the model limit approaching the origin of time is 
infinity which is obviously not physical. That is the reason why the tangent approach was chosen to extrapolate the threshold 
capillary value. With this technique, the error on the estimated displacement pressure is less than 2% which validates the 
possibility of extrapolating the threshold capillary pressure with the dynamic method. 
 
Injection pressure effects on measurement precision. The base case injection pressure is around 1.8 times the threshold 
capillary pressure. In order to assess the importance of the injection pressure value on the measurement quality and analysis, a 
range of injection pressure is tested. Table 4 and figure 12 sum up the results obtained from flow simulations. 
 
Table 4: Injection pressure sensitivity results 
Injection 
pressure 
(bar) 
30 40 50 60 70 80 90 100 
 
Ratio with 
theoretical 
threshold 
capillary 
pressure 
 
1.1 1.5 1.8 2.2 2.6 3 3.3 3.7 
Pc
threshold  
(bar) 
 
24.6 26.5 26.4 24.8 26.2 30 30.8 31 
Absolute 
error (bar) 
2.2 0.4 0.5 2 0.6 3.2 4 4.2 
Relative 
error  
8.2% 1% 1.5% 8% 2.2% 12% 15% 16% 
 
The conclusions of the injection pressure effects on measurement are as follow: 
 The threshold capillary pressure can be approximated with an absolute error less than 2.5 bars with injection pressures 
going from 1.1 to 2.6 the real displacement pressure. 
 Injections too close from the threshold capillary pressure lead to very low brine production and are therefore difficult 
to analyze. The time needed to obtain sufficient volume produced for estimation is of the order of the stepwise method. 
 Injections higher than 2.5 times the displacement pressure cause important gas invasion of the core plug and early 
breakthrough. The extrapolation is still possible using higher sampling procedure but with a precision issue in lab 
condition as the stabilization time is small. The process leads to an overestimation of the threshold capillary pressure 
of 15%. The gas invading the porous medium reduces by biphasic effect the total mobility of the fluid resulting in an 
apparent higher threshold capillary pressure value.  Figure 13 shows a high gas saturation value along the core plug at 
different times. 
 
Figure 10: Logarithmic modeling of the capillary 
pressure points (base case) evaluated with the 
dynamic method. 
Figure 11: Extrapolation of threshold capillary pressure 
using a tangent on the capillary pressure logarithmic 
model (base case). 
Figure 12: Threshold capillary pressure interpretations 
for different injection pressures. Real displacement 
pressure is shown in blue with its confidence interval 
marked by dotted line. 
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 A range of injection pressures from 1.1 to 2.5 times the real threshold capillary pressure enables estimation with an 
error less than 10% and provides estimations with the same confidence. This figure must be compared to the 
approximation of 2.5 bars encountered with the stepwise method which leads to an error of around 15% for the base 
case. 
 Injection closer to the threshold capillary point gives better estimation. 
 The duration of the test if the brine saturation phase is excluded is in the order of 4 times faster than the stepwise 
method.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Investigation of porosity range. In order to assess the change in brine produced volume and its effects on precision due to 
porosity modification, a flow simulation is run with all parameters kept from the base case except the porosity. However, the 
porosity modification must be accounted for by the following changes: 
 For each porosity value, a new capillary pressure curve is calculated from the base case with a Leverett J-function 
(equation 5) (the new capillary pressure curves are shown in Appendix D). 
𝑃𝑐𝑛𝑒𝑤 = 𝑃𝑐𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 × √
𝑘𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒𝜑𝑛𝑒𝑤
𝑘𝑛𝑒𝑤𝜑𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒
     (5) 
 From the Leverett J function result, the injection pressure is adjusted and three cases referred as high, mid, and low 
are tested with injection pressure of 1.2, 1.9, and 3 times the threshold capillary pressures respectively.  
 
The relative permeability model is assumed to be independent of porosity parameter. Table 5 and figure 14 highlight the 
key results obtained from flow simulations. 
Table 5: Porosity sensitivity results 
Porosity (% of 
total volume) 
5% 10% 15% 
20% 
(base 
case) 
25% 
Injection 
pressure 
(bar) 
high 48 69 84 80 108 
mid 25 35 45 50 60 
low 16 23 26 30 36 
Approximated 
time of 
breakthrough 
(minute) 
2000 3000 3500 4000 4500 
Theoretical 
threshold capillary 
pressure (bar) 
13.4 18.9 23.2 26.8 30.0 
Pc
threshold  
(bar) 
high 18.7 24.1 23.1 30 28.5 
mid 17.3 21.0 23.3 26.4 29.6 
low 14.1 17.9 23.9 24.6 27.6 
Absolute 
error (bar) 
high 5.3 5.2 0.1 3.2 1.5 
mid 3.9 2.1 1.1 0.4 0.4 
low 0.7 1 0.7 2.2 2.4 
Relative 
error  
high  40% 27% 0.4% 12% 5% 
mid 29% 11% 5% 1.5% 1% 
low 5% 5% 3% 8% 8% 
Figure 13: Water saturation along the plug at different times showing large nitrogen 
invasion for an injection pressure of 2.6 times the threshold capillary pressure.  
Figure 14: Threshold capillary pressure interpretations for 
different values of porosities. Real displacement pressure is 
shown in blue with its confidence interval marked by dotted line. 
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The following conclusions are based on our results and observations: 
 Porosity has a major impact on the breakthrough time and can significantly reduce the flow period that can be 
analyzed in case of low porosity (less than10%).  
 The threshold capillary pressure estimation is for all cases (except 5% porosity) at plus or minus 2.5 bars the real 
value. Therefore the dynamic method provides results in the same range of precision than the stepwise method would. 
 The dynamic method has a large range of investigation in terms of porosity and gives acceptable results for low 
porosity, low permeability (10
-4
mD) cases. 
 This test scenario confirms the previous conclusions summed up in Table 4 indicating that the prediction performances 
are usually better using low to medium ranges of injection pressure than high ratio. Also it validates the assumption 
that injection pressure and porosity parameters are not correlated.  
 
Investigation of permeability range. This sensitivity analysis like the previous one on porosity tries to quantify the impact of 
permeability changes on interpretation quality. All parameters are invariant from base case except permeability and capillary 
pressure curve. Capillary pressure curve is still adapted using a Leverett’s J-function (See Appendix D) and the injection 
pressure adjusted to account for the new theoretical threshold capillary pressure value by using the same high, mid and low 
ranges defined in the previous section. Table 6 and figure 15 exhibit the interpretation figures extrapolated from flow 
simulations. 
 
Table 6: Permeability sensitivity results 
Permeability 
(mD) 
10
-5
 5.10
-5 10
-4 
(base 
case) 
10
-3
 
 Injection 
pressure 
(bar) 
high 375 144 80 27 
mid 160 75 50 15 
low 125 48 30 9 
Approximated time 
of breakthrough 
(minute) 
20000 15000 4000 1500 
 
Theoretical 
threshold capillary 
pressure (bar) 
 
84.8 37.9 26.8 8.5 
Pc
threshold  
(bar) 
high   30 9.6 
mid 104.0 40.0 26.4 7.1 
low 64.6 40.0 24.6 7.1 
Absolute 
error (bar) 
high   3.2 1.1 
mid 19.2 2.1 0.4 1.4 
low 20.2 2.1 2.2 1.4 
Relative 
error  
high    12% 13% 
mid 23% 6% 1.5% 16% 
low 24% 6% 8.2% 16% 
 
The remarks hereafter expose the analysis of the permeability influence on displacement pressure measurement with the 
dynamic method:  
 Permeability reduction increases the breakthrough time and significantly limits the produced brine volume.  
 The minimum permeability that can be analyzed with the dynamic method is in the order of 5.10 -5mD with a 0.02 cc 
liquid measurement precision. 
 The dynamic method can still be of help when it comes to determining a range for threshold capillary pressure. Then it 
can help for further tests realized with the stepwise method with a gain of time to locate the zone of study for low 
permeability cases (below 10
-4
mD). 
 No results have been achieved for 10-5mD and 5.10-5mD high injection cases. The flow simulator shows important 
instability and therefore cannot be considered as representative of real experiments. 
 It appears that there is no evident correlation between permeability and injection pressure. The results obtained from 
high, mid and low cases match the statements of the injection pressure sensitivity analysis section.  
 
 
 
 
 
Figure 15: Threshold capillary pressure interpretations for 
different values of permeabilities. Real displacement pressure is 
shown in blue with its confidence interval marked by dotted line. 
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Investigation of improvements realized with better volume measurement accuracy. The base case apparatus used to 
measure the produced brine volume at the outlet of the core plug is a burette with a 0.02 maximum resolution. Flow 
simulations data from a previous case (10
-5
mD permeability; where the precision of the flow measurement was not sufficient 
to obtain estimation with plus or minus 5 bars the real value) are re-interpreted with various burette precisions (Table 7). 
 
Table 7: Volume measurement 
accuracy sensitivity results 
Permeability 
(mD) 
10
-5
 10
-5 
10
-5
 10
-5
 
Burette 
resolution 
(cc) 
0.001 0.005 0.01 
0.02 
(base 
case) 
 
Theoretical 
threshold 
capillary 
pressure 
(bar) 
 
84.8 84.8 84.8 84.8 
Pc
threshold  
(bar) 
 
85.1 100.2 100.2 104.0 
Absolute 
error (bar) 
0.3 15.4 15.4 19.2 
Relative 
error  
0.4% 18% 18% 23% 
 
The new extrapolated values lead to the following conclusions: 
 There is no significant improvement in terms of interpretation error reduction until a 10-3cc precision is reached for the 
volume measurement apparatus. 
 For a 10-3cc apparatus precision, the absolute error on the threshold capillary value is 0.3 bar compared to 19.2 for the 
base case precision. Therefore, the dynamic method can reach the same order of precision than the stepwise method 
with appropriate experimental apparatus. 
 
Investigation of permeability uncertainty on measurement accuracy. As the threshold capillary pressure is evaluated 
through a calculation involving the permeability value, this sensitivity analysis quantifies the impact of a permeability 
determination error on the displacement pressure extrapolation (See Table 8 and figure 16).  
 
Table 8: Permeability uncertainty 
sensitivity results 
Permeability 
(mD) 
10
-4
 10
-4 
10
-4
 10
-4
 10
-4
 
Error on 
permeability  
5% 10% 15% 20% 25% 
 
Theoretical 
threshold 
capillary 
pressure 
(bar) 
 
26.8 26.8 26.8 26.8 26.8 
Pc
threshold  
(bar) 
 
27.6 28.6 29.5 30.4 31.9 
Absolute 
error (bar) 
0.8 1.8 2.7 3.6 5.1 
Relative 
error  
3,0% 6,7% 10,1% 13,4% 19,0% 
 
The conclusions of the effects of permeability uncertainties on measurement are as follow: 
 The error on the permeability value has a significant impact on the threshold capillary pressure extrapolation. 
 For an uncertainty above 15% on the permeability on the base case, the error with the dynamic method interpretation 
is greater than 2.5 bars. 
Figure 16: Threshold capillary pressure interpretations for 
different errors of permeability determination. Real displacement 
pressure is shown in blue with its confidence interval marked by 
dotted line. 
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 The actual uncertainty in the permeability determined with the experimental apparatus is in the order of 10% for 
permeabilities around 10
-4
mD. Therefore, the bias is in an acceptable range for the base case. Besides, for caprocks 
where threshold capillary pressures are usually above 25 bars the method can be used with a good confidence (i.e. the 
higher the threshold capillary pressure is, the less impact the bias has). 
 For low threshold capillary pressure, the error on the permeability value is not negligible.  
Experimental comparison tests 
The experiments are carried out following the recommendations described in previous sections “Experimental Set-up and 
Procedure” and “Appendix G”. Tests are performed on three plugs from cores extracted at three different well locations of a 
gas storage field in South West of France (Lussagnet); the depth interval of extraction corresponds to the caprock part of the 
reservoir (marlstone). 
 It is important to reckon that the plugs tested with the dynamic method are not exactly similar to the one tested with the 
stepwise method during December 2009. However, they are considered as twin plugs and taken from the cores very closely to 
the initial plugs. Although these core plugs are mainly composed of marlstone and present a heterogeneous structure, the 
procedure is the best compromise in terms of duration and results. It is not possible to perform both types of tests during a 
short period of time (less than three months) as the number of experimental apparatus available is limited and the time required 
to conduct the stepwise method extensive. Moreover, there is no opportunity to re-use the same core plugs tested with the 
stepwise method as they are not preserved nor stored in the labs after test.      
 
The results of the different experiments and the extrapolation of the each capillary pressure displacement are presented in 
table 9. 
Table 9: Methods’ comparison results 
 
Relative 
position to 
the initial 
plug in the 
core 
Permeability 
(mD) 
Porosity 
(%) 
Stepwise 
(bars) 
Dynamic 
(bars) 
Injection ratio 
(compared to 
Stepwise capillary 
pressure 
extrapolation) 
Injection 
ratio 1.4 
Injection 
ratio 2 
Plug 1 2cm 1.73.10
-4 
20.4 70 72 68 
Plug 2 13cm 1.89.10
-4 
X 65 48 X 
 
Plug 3 
 
25cm 1.6.10
-4 
23.7 50 49 
? 
 
The remarks concerning the comparison between the stepwise and the dynamic method are recapitulated hereafter: 
 The production curves show a higher brine production than the predicted profile for all three samples for this 
permeability value of around 2.10
-4
mD (see graph on figure 17). The difference between the real rock permeability 
properties and our Corey exponent modelling is a possible explanation of the phenomenon.  
 The gas invasion within the core is overestimated with flow simulators as the passage from single phase flow (water 
production with dead cell volume) to two phases flow (penetration of gas in the core) is progressive. The difference 
between the computed model and the observations can be explained again by Corey exponent modelling that does not 
reflect the real behaviour of the core plug (i.e. the presence of small gas saturation does not impact much the brine 
flow within the core). It can also be stated by the rock high level of heterogeneity: a higher displacement pressure 
within the plug due to a different configuration of the porous medium can limit the penetration of gas and delay the 
“two phases flow” behaviour. Besides, gas friction losses are not taking into account in the numerical model. 
 The increase of brine production induces the characteristic transition zone between single phase flow and the two 
phases flow (figure 17) to be in the resolution range of the experimental apparatus. Thus, extrapolation can be made by 
evaluating the capillary pressure displacement at the “break of slope point” and does not require the logarithmic 
modelling of later time brine production seen in “the sensitivity analysis” part. A detailed procedure is presented in 
Appendix F.  
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 Plug 2 presents a large difference between the threshold capillary pressures measured with the two methods. The X-
ray scan realised on the core plug highlights a great heterogeneity of the porous medium (figures 19 and 20). The scan 
of the previous plug was not available but there is an important probability that the two plugs are not twin despite the 
fact that they were extracted at 13 cm from each other in the core.  No second test was performed on plug 2 as the plug 
was fractured during the re-saturation phase. Furthermore porosity measurement couldn’t be done either with this 
failure. 
 Both high injection pressure and low injection pressure cases with the dynamic method give estimation at +/-2.5bars 
the stepwise method extrapolation for plug 1 (see appendix E for stepwise method graphs). Interpretations of the two 
levels of injection are in the same range but confirm that an injection pressure closer to the threshold capillary pressure 
is easier to analyze. Hence, the “break of slope point” is more discernable with the low pressure injection than the mid 
pressure injection (graph 18). 
 
 
 
 
 
 
 
 
 
 
 
 
 The dynamic technique gives also a threshold capillary pressure close to the one determined with the stepwise method 
for the low injection case for plug 3. But the mid pressure injection case was not analyzable; it appears that the 
crimping did not work well during the experiment and gas flowed between the tube and the plug. 
 No tests were performed at high pressure injection (i.e. 3 times the threshold capillary pressure) as it required 
modifying the confining pressure (confining pressure must always be superior to injection pressure to avoid leaks).  
An increase of the confining pressure could modify the porous medium properties. Consequently, no comparison is 
possible with previous tests. 
 All experiments were performed around 4 times faster with the dynamic method than with the stepwise method, 
saturation time included.   
 
 
 
 
 
 
 
Conclusions and perspectives 
Both experimental and numerical tests performed on the dynamic method show promising results for the determination of 
threshold capillary pressures on very tight rocks (i.e. 10
-4
mD). The various tested plugs highlight the concordance between the 
dynamic technique and the stepwise method. Though, comparison between experimental and numerical tests shows some 
disparities. In this study, the flow behaviour is hard to predict and to reproduce with only theoretical capillary pressure and 
relative permeability curves to account for the heterogeneities within the marlstone plugs. Henceforth, the dynamic method 
requires further experimental studies to assess accurately its limits and potentiality. For instance, plug tested were middle 
Figure 17: Brine volume produced against time for 
plug 3 with injection pressure of 70 bars (low injection 
pressure) 
. 
 
Figure 19: Plug 2 scan showing maximum 
density layer. 
Figure 20: Plug 2 scan showing minimum 
density layer. 
 
Figure 18: Brine volume produced against time for 
plug 1 with injection pressure of 140 (mid injection 
pressure in blue) and 100 bars (low injection pressure 
in red). 
 
1 cm 1 cm 
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range porosity (i.e. 20%), so focus should be to try the same experiments on plugs with porosity less than 5%. In addition, 
investigations should also focus on the practical use of threshold capillary pressures extrapolated with nitrogen injection; as the 
nature of the non-wetting fluid can significantly affect the displacement pressures (brine acidification by carbon dioxide 
modifies both wettability and interfacial tension properties which finally results in lowering the rock threshold capillary 
pressure). A possible way to overcome this problem could be to use directly reservoir fluids instead of nitrogen. The current 
system is not equipped to handle safely methane (explosion, asphyxia if any leak) and carbon dioxide (asphyxia if any leak).  
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APPENDICES 
 
APPENDIX A – Literature review appendices 
 
Table 10: Milestones in threshold capillary pressure determination techniques 
PAPER 
SOURCE 
YEAR TITLE
 
AUTHORS CONTRIBUTION 
API 44-
180 
1944 
Determination of the 
Interstitial Water Content of 
Oil and Gas Sand by 
Laboratory Tests of Core 
Samples 
J. J. McCullough, F. 
W. Albaugh, and P. 
H. Jones 
First description of porous plate and centrifuge techniques 
to measure capillary pressure on core samples. 
SPE 
949039-G 
1949 
Capillary Pressure-Their 
Measurement Using Mercury 
and Calculation of 
Permeability Therefrom 
W. R. Purcell First introduction of the determination of threshold capillary 
pressure by mercury porosimetry. 
SPE 
951127-G  
1951 
                                            
Use of Centrifuge for 
Determining Connate Water, 
Residual Oil, and Capillary 
Pressure Curves of Small 
Core Samples 
R.L. Slobod, A. 
Chambers and W. L. 
Prehn, JR. 
 Experimental evidences of the interest of the centrifuge 
technique to obtain connate water, residual oil, and 
capillary pressure curves. 
SPE 4597 
 
1973 
Threshold Pressure Profiling 
by Continuous Injection 
N. Rudd and G.N. 
Pandey 
Interest of the continuous injection to account for the 
heterogeneity of rock samples. 
SPE 
16286-PA 
1988 
Use of Water-Vapor 
Desorption Data in the 
Determination of Capillary 
Pressures at Low Water 
Saturations 
J.C. Melrose Application of water desorption method to measure 
capillary pressure. Technique suited for reservoir systems 
characterized by low water saturation and abnormally high 
capillary pressures. 
SPE 
14892-PA 
1989 
Resolving Pore-Space 
Characteristics by Rate-
Controlled Porosimetry 
H.H. Yuan and B.F. 
Swanson 
Introduction of the “apparatus for pore examination” 
(APEX), in the mercury injection technique. 
SCA 
9426 
1994 
Water-Oil Capillary Pressure 
and Wettability 
Measurements Using 
Micropore Membrane 
Technique 
D. Longeron, W.L. 
Hammervold, and 
S.M. Skjoeveland 
Improvement of porous plate method to decrease the 
duration of the experiments. 
Geofluids  
Volume 
2, Issue 
1, pages 
3–23 
 
2002 
Gas breakthrough 
experiments on fine-grained 
sedimentary rocks 
 
A.Hildenbrand, S. 
Schlömer, and  B. 
M. Krooss 
 
First introduction of the residual capillary pressure 
approach. 
SCA 
2006-07 
2006 
A fast  and accurate method 
to measure threshold 
capillary pressure of 
caprocks under 
representative conditions 
P. Egermann, J.-M. 
Lombard and P. 
Bretonnier 
First apparition of the dynamic technique in literature.  
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API 44-180 (1944) 
 
Determination of the Interstitial Water Content of Oil and Gas Sand by Laboratory Tests of Core Samples 
 
Authors: J. J. McCullough, F. W. Albaugh, and P. H. Jones 
 
Contribution to the threshold capillary pressure determination techniques:  
First description of porous plate and centrifuge techniques to measure capillary pressure on core samples 
 
Objective of the paper: 
This paper presents two methods for estimating the static distribution of interstitial water in oil and gas 
sands by laboratory tests of core samples. One involves the application of gas pressure, and the other uses 
centrifugal force. 
 
Conclusion reached: 
Possible interest in the determinations of capillary pressure curves and threshold capillary pressures but 
the absence of data regarding formation contact angles and interfacial tensions necessary for 
extrapolations limits the application of this work.  
 
Comments:  
First appearance in the oil literature of techniques to measure capillary pressures. 
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SPE 949039-G (1949) 
 
Capillary Pressure-Their Measurement Using Mercury and Calculation of Permeability Therefrom. 
 
Authors: W. R. Purcell  
 
Contribution to the threshold capillary pressure determination techniques:  
First introduction of the mercury porosimetry technique to determine threshold capillary pressure. 
 
Objective of the paper: 
This paper objective is to confirm the possibility to measure capillary pressures by forcing mercury under 
pressure to penetrate the rock porous medium. The method results are compared with the porous 
diaphragm method. 
 
Methodology used:  
Comparison with porous plate and centrifuge techniques. 
 
Conclusion reached: 
The comparison of the diaphragm method and the mercury porosimetry technique shows consistency 
between the results. An entirely capillary pressure curve can be determined in a matter of hours rather 
than weeks. Small, irregularly shaped pieces such as drill cuttings can be handled the same manner as 
larger regularly shaped samples such as cores or permeability plugs. The range of capillary pressures can 
be observed is 5 to 10 times that of conventional methods. 
 
 Comments:  
This method doesn’t use reservoir fluids and requires conversion to reservoir conditions using contact 
angle and surface tension inputs. 
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SPE 951127-G (1951) 
 
Use of Centrifuge for Determining Connate Water, Residuak Oil, and Capillary Pressure Curves of Small 
Core Samples  
 
Authors: R.L. Slobod, A. Chambers and W. L. Prehn, JR. 
 
Contribution to the threshold capillary pressure determination techniques:  
Experimental evidences of the interest of the centrifuge technique to obtain connate water, residual oil, 
and capillary pressure curves. 
 
Objective of the paper: 
The paper objectives are to establish the advantages of the centrifuge method and assess it carefully. 
 
Methodology used:  
Comparative tests with the porous plate technique. 
 
Conclusion reached: 
The main conclusion is that the use of centrifuge method is recommended compared to the porous plate 
technique. The method presents the same quality of measurement in a shorter period of time. Equipment 
is more compact. Higher pressures investigations are available compared to the porous plate technique.  
  
Comments:  
This method is still not suitable for high threshold capillary pressures as the maximum capillary pressure 
is around 1000 psi (68bars). 
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SPE 4597 (1973) 
 
Threshold Pressure Profiling by Continuous Injection 
 
Authors: N. Rudd and G.N. Pandey. 
 
Contribution to the threshold capillary pressure determination techniques:  
Interest of the continuous injection to account for the heterogeneity of rock samples. 
 
Objective of the paper: 
The paper objective is to demonstrate the interest of a continuous non wetting fluid injection at a constant 
rate over conventional methods to account for the heterogeneity of the rock samples.  
 
Methodology used: 
Comparison with conventional methods. 
 
Conclusion reached: 
The main conclusion is that continuous injection provides, by the analysis of both the volume of the non 
wetting phase injected and the characteristics of the threshold capillary pressure event, an insight into the 
nature of the breakthrough of the injected fluid. Therefore the detection of “discrete” threshold capillary 
pressure throughout the length of the sample is possible.  
  
Comments:  
The main limitation of this method is related to the assumption that the viscous gradient in the water 
phase is negligible when a very small rate is used. This approach can contribute to significant 
overestimation of the threshold capillary pressure.  
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SPE 16286-PA (1988) 
 
Use of Water-Vapour Desorption Data in the Determination of Capillary Pressures at Low Water 
Saturations. 
 
Authors: J.C. Melrose. 
 
Contribution to the threshold capillary pressure determination techniques:  
Application of water desorption method to measure capillary pressure. Technique suited for reservoir 
systems characterized by low water saturation and abnormally high capillary pressures.  
 
Objective of the paper: 
Review the equilibrium conditions applicable to a single liquid phase held by capillary forces within the 
pore space of a reservoir rock sample. 
 
Methodology used:  
Comparison with state of the art techniques available at that time. 
 
Conclusion reached: 
Water-vapour desorption is a valid technique for obtaining capillary-pressure data. It is particularly 
suitable for the low saturation, high pressure region of the capillary-pressure curve.  
  
Comments:  
The vapour desorption measurement precision decreases however, at very high relative humidity (>95%) 
which limits the lower limit of capillary pressure to a value of about 1000 psi (68 bars). Therefore a 
disadvantage of the vapour desorption technique is the inability to measure capillary pressures at high 
water saturations. Another limitation is the stabilization time, which may be several days or even weeks. 
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SPE 14892-PA (1989) 
 
Resolving Pore-Space Characteristics by Rate-Controlled Porosimetry. 
 
Authors: H.H. Yuan and B.F. Swanson. 
 
Contribution to the threshold capillary pressure determination techniques:  
Introduction of the “apparatus for pore examination” (APEX), in the mercury injection technique.  
 
Objective of the paper: 
Review the interests of monitoring the mercury capillary pressure in rate-controlled porosimetry 
(intrusion) experiments. 
 
Methodology used:  
Controlled rate of mercury injection. 
 
Conclusion reached: 
The resolving of pore space of a rock sample by deriving petrophysical parameters from mercury curves 
lead to a better understanding of porous media properties.  
 
Comments:  
This method doesn’t use reservoir fluids and requires conversion to reservoir conditions using contact 
angle and surface tension inputs.  
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SCA 9426 (1994) 
 
Water-Oil Capillary Pressure and Wettability Measurements Using Micropore Membrane Technique. 
 
Authors: D. Longeron, W.L. Hammervold, and S.M. Skjoeveland. 
 
Contribution to the threshold capillary pressure determination techniques:  
Improvement of porous plate method to decrease the duration of the experiments.  
 
Objective of the paper: 
This paper describes a new technique to simultaneously measure the capillary pressure curves and 
wettability indices for an oil - brine - rock system. By improving the porous plate method, the full cycle 
of four capillary pressure curves, i.e. spontaneous and forced drainage and imbibition, is measured in 
days instead of months. This is achieved by the use of thin oil- and water-wet micropore membranes and 
short samples with large diameter.  
 
Methodology used:  
Measurements have been done on sandstone and carbonate outcrop cores with 
wettabilities ranging from strongly water-wet to oil-wet. 
 
Conclusion reached: 
The micropore membrane technique for capillary pressure measurements is demonstrated to be an 
accurate and reliable method. Mercury injection (scaled) and traditional porous plate drainage curves 
show a very good agreement with the membrane data. The reduction in experimental time for this new 
technique with micropore membranes and reduced length of the core is significant (30 times faster than 
standard porous plate).  
 
Comments:  
This method is still not suitable for high threshold capillary pressures as the maximum capillary pressure 
is around 1000 psi (68bars). 
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Geofluids Volume 2, Issue 1, pages 3–23 (2002) 
 
Gas breakthrough experiments on fine-grained sedimentary rocks 
 
Authors: A.Hildenbrand, S. Schlömer, and  B. M. Krooss 
 
Contribution to the threshold capillary pressure determination techniques:  
First introduction of the residual capillary pressure approach.  
 
Objective of the paper: 
This paper describes a new technique called the residual capillary pressure approach. 
 
Methodology used:  
The experimental procedure consists in maintaining a constant gas pressure in the upstream (high 
pressure) reservoir and recording the pressure evolution in the closed downstream volume of the system. 
The measurements are conducted with plugs of different orientations over extended period of time. 
 
Conclusion reached: 
The residual capillary pressure shows good consistency with others methods results.  
 
Comments:  
The recorded residual threshold capillary pressure observed at the end of the test corresponds to the end-
point of one scanning imbibition curve rather than the starting point of the first drainage curve, leading to 
a significant underestimation of the effective threshold. 
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SCA 2006-07 (2006) 
 
A fast and accurate method to measure threshold capillary pressure of caprocks under representative 
conditions. 
 
Authors: P. Egermann, J.-M. Lombard and P. Bretonnier. 
 
Contribution to the threshold capillary pressure determination techniques:  
First apparition of the dynamic technique in literature.  
 
Objective of the paper: 
Assess the new technique with the state of the art in threshold capillary pressure measurements.  
 
Methodology used:  
The proposed approach has been compared to the other available techniques to measure threshold 
capillary pressure: step-by-step increase of the non-wetting phase pressure (standard approach) and 
transient evolution of inlet and outlet pressure (residual capillary pressure approach). 
 
Conclusion reached: 
From the experimental and the numerical results obtained so far, the proposed method of threshold 
capillary pressure measurement is as accurate as the standard approach and as fast as the residual 
capillary pressure approach. In addition, the principle of the method permits multiple measurements of 
the threshold capillary pressure value in one experiment when local pressure taps are available. 
 
Comments:  
Only one case tested where the stepwise method is not competitive in terms of measurement duration. 
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APPENDIX B – Interpretation and threshold capillary pressure 
extrapolations curves 
For each sensitivity case, interpretations and threshold capillary pressure extrapolations are displayed 
below. 
   
Figure 21: Logarithmic modeling of the capillary 
pressure points (30 bars injection) evaluated with the 
dynamic method. 
 
Figure 23: Logarithmic modeling of the capillary 
pressure points (40 bars injection) evaluated with the 
dynamic method. 
 
Figure 25: Logarithmic modeling of the capillary 
pressure points (base case) evaluated with the 
dynamic method. 
 
Figure 22: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (30 bars injection). 
 
Figure 24: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (40 bars injection). 
 
Figure 26: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case). 
 
 Injection pressure effects on measurement precision 
26                                                                                                                             Threshold capillary pressure measurements of very tight rocks 
 
 
 
 
 
 
 
 
  
Figure 29: Logarithmic modeling of the capillary 
pressure points (70 bars injection) evaluated with the 
dynamic method. 
 
Figure 28: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (60 bars injection). 
 
Figure 30: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (70 bars injection). 
 
Figure 27: Logarithmic modeling of the capillary 
pressure points (60 bars injection) evaluated with the 
dynamic method. 
 
Figure 31: Logarithmic modeling of the capillary 
pressure points (80 bars injection) evaluated with the 
dynamic method. 
 
Figure 32: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (80 bars injection). 
 
Figure 33: Logarithmic modeling of the capillary 
pressure points (90 bars injection) evaluated with the 
dynamic method. 
 
Figure 34: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (90 bars injection). 
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Figure 37: Logarithmic modeling of the capillary 
pressure points (5% porosity) evaluated with the 
dynamic method. 
 
Figure 39: Logarithmic modeling of the capillary 
pressure points (10% porosity) evaluated with the 
dynamic method. 
 
Figure 41: Logarithmic modeling of the capillary 
pressure points (15% porosity) evaluated with the 
dynamic method. 
 
Figure 38: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity). 
 
Figure 40: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity). 
 
Figure 42: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity). 
 
Figure 35: Logarithmic modeling of the capillary 
pressure points (100 bars injection) evaluated with the 
dynamic method. 
 
Figure 36: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (100 bars injection). 
 
 Investigation of porosity range 
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Figure 43: Logarithmic modeling of the capillary 
pressure points (25% porosity) evaluated with the 
dynamic method. 
 
Figure 44: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity). 
 
Figure 45: Logarithmic modeling of the capillary 
pressure points (5% porosity- low injection) evaluated 
with the dynamic method. 
 
Figure 46: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity-low injection). 
 
Figure 47: Logarithmic modeling of the capillary 
pressure points (5% porosity- high injection) evaluated 
with the dynamic method. 
 
Figure 48: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (5% porosity-high injection). 
 
Figure 49: Logarithmic modeling of the capillary 
pressure points (10% porosity- low injection) evaluated 
with the dynamic method. 
 
Figure 50: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity-low injection). 
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Figure 53: Logarithmic modeling of the capillary 
pressure points (15% porosity- low injection) evaluated 
with the dynamic method. 
 
Figure 54: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity-low injection). 
 
Figure 51: Logarithmic modeling of the capillary 
pressure points (10% porosity-high injection) 
evaluated with the dynamic method. 
 
Figure 52: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10% porosity-high injection,). 
 
Figure 55: Logarithmic modeling of the capillary 
pressure points (15% porosity-high injection) 
evaluated with the dynamic method. 
 
Figure 56: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (15% porosity-high injection). 
 
Figure 57: Logarithmic modeling of the capillary 
pressure points (25% porosity- low injection) evaluated 
with the dynamic method. 
 
Figure 58: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity-low injection). 
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Figure 65: Logarithmic modeling of the capillary 
pressure points (10
-3
mD permeability) evaluated with 
the dynamic method. 
 
Figure 66: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability). 
 
Figure 59: Logarithmic modeling of the capillary 
pressure points (25% porosity-high injection) 
evaluated with the dynamic method. 
 
Figure 60: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (25% porosity-high injection). 
 
Figure 63: Logarithmic modeling of the capillary 
pressure points (5.10
-5
mD permeability) evaluated with 
the dynamic method. 
 
Figure 64: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (5.10
-5
mD permeability). 
 
Figure 61: Logarithmic modeling of the capillary 
pressure points (10
-5
mD permeability) evaluated with 
the dynamic method. 
 
Figure 62: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10
-5
mD permeability). 
 
 Investigation of permeability range 
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Figure 67: Logarithmic modeling of the capillary 
pressure points (10
-5
mD permeability-low injection) 
evaluated with the dynamic method. 
 
Figure 68: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10
-5
mD permeability-low injection). 
 
Figure 69: Logarithmic modeling of the capillary 
pressure points (5.10
-5
mD permeability-low injection) 
evaluated with the dynamic method. 
 
Figure 70: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (5.10
-5
mD permeability-low 
injection). 
 
Figure 71: Logarithmic modeling of the capillary 
pressure points (10
-3
mD permeability-low injection) 
evaluated with the dynamic method. 
 
Figure 72: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability-low injection). 
 
Figure 73: Logarithmic modeling of the capillary 
pressure points (10
-3
mD permeability-high injection) 
evaluated with the dynamic method. 
 
Figure 74: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (10
-3
mD permeability-high injection). 
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Figure 75: Logarithmic modeling of the capillary 
pressure points (0.01cc burette resolution) evaluated 
with the dynamic method. 
 
Figure 76: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (0.01cc burette resolution). 
 
Figure 77: Logarithmic modeling of the capillary 
pressure points (0.005cc burette resolution) evaluated 
with the dynamic method. 
 
Figure 78: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (0.005cc burette resolution). 
 
Figure 79: Logarithmic modeling of the capillary 
pressure points (0.001cc burette resolution) evaluated 
with the dynamic method. 
 
Figure 80: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (0.001cc burette resolution). 
 
 Investigation of improvements realized with better 
voume measurement accuracy 
 Investigation of permeability uncertainty on measurement 
accuracy 
Figure 82: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case with 5% error on 
permeability). 
 
Figure 81: Logarithmic modeling of the capillary 
pressure points (base case with 5% error on 
permeability) evaluated with the dynamic method. 
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Figure 83: Logarithmic modeling of the capillary 
pressure points (base case with 10% error on 
permeability) evaluated with the dynamic method. 
 
Figure 84: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case with 10% error on 
permeability). 
 
Figure 85: Logarithmic modeling of the capillary 
pressure points (base case with 15% error on 
permeability) evaluated with the dynamic method. 
 
Figure 86: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case with 15% error on 
permeability). 
 
Figure 87: Logarithmic modeling of the capillary 
pressure points (base case with 20% error on 
permeability) evaluated with the dynamic method. 
 
Figure 88: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case with 20% error on 
permeability). 
 
Figure 89: Logarithmic modeling of the capillary 
pressure points (base case with 25% error on 
permeability) evaluated with the dynamic method. 
 
Figure 90: Extrapolation of threshold capillary 
pressure using a tangent on the capillary pressure 
logarithmic model (base case with 25% error on 
permeability). 
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APPENDIX C – Flow simulation code developed for SENDRA software 
The code presented hereafter has been developed for the SENDRA flow simulation software. It contains 
code key words and comments indicated with “# “sign. The illustration is the base case mentioned in the 
main report. 
 
############################################################################# 
# 
#                          COMMON INPUT FILE 
#                          BASE CASE GAS INJECTION 
# 
############################################################################# 
INFORMATION 
# 
Title                  'Base case, Gas injection with constant pressure drop' 
Date                   'October 2007' 
TypeOfExperiment        1 
# 
#  Experiments available: 
#          1. Two phases flooding experiments 
#          2. Porous plate/micro membrane experiments 
#          3. Centrifuge experiment 
# 
############################################################################# 
GRID 
# 
# --------------- 
# Defining Length and Area of the core sample 
# --------------- 
# 
#Number and Length of Grid Blocks, X-direction 
Nx                    100 
Nx*Dx                 100*0.05 
# 
#Number of Grid Blocks, Y-direction 
Ny                    1 
Diameter              4.37 
# 
#   ----------------- 
#   Core (grid) orientation 
#   ----------------- 
# 
CoreOrientation    2 
# 
#   Orientation options 
# 
#          1: Horisontal 
#          2: Vertical; injection from the Top of the core sample 
#          3: Vertical; injection from the Bottom of the core sample 
# 
####################################################################### 
CORE 
# 
Porosity[frac]            100*0.200 
BasePermeability[md]      100*0.0001 
No.KrPcCurves             100*1 
# 
############################################################################# 
FLUID 
# 
#                                       GAS             OIL 
Compressibility[1/KPa] -0.00021,        0.0 
Density[kg/m3]                1.2,          1036 
Viscosity[cp]                 0.019,           1.0 
# 
############################################################################# 
INITIALCOND 
# 
SystemPressure[kPa]        100 
# 
#       For gas-oil system 'water' below is by definition oil 
# 
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MobilePhase                 'water' 
OilSaturation[frac]         100*1.0 
############################################################################# 
WELLDATA 
# 
#                       PRODUCTION | INJECTION SCHEMES: 
# 
#                       Prod Type               Description 
#                       ---------  ---------------------------------- 
#                          1       Prod. with constant well pressure 
#                          2       Prod. with constant total rate 
#                         -1       Inj. of gas with constant pressure 
#                         -2       Inj. of oil with constant pressure 
#                         -3       Inj. of gas with constant rate 
#                         -4       Inj. of oil with constant rate 
#                         -5       Inj. of both phases with constant rate 
#                         -6       Inj. of both phases with constant press. 
# 
# 
NoOfWells                2 
# 
# 
WellNo                   1 
X-range                  1       1 
Y-range                  1       1 
ProdType                 -1 
WellPressure[kPa]        5100 
GasRate[cc|min]          0.2 
OilRate[cc|min]          0.0 
# 
WellNo                   2 
X-range                  100     100 
Y-range                  1       1 
ProdType                 1 
WellPressure[kPa]        100 
GasRate[cc|min]          0.0 
OilRate[cc|min]          0.0 
# 
######################################################################## 
RELPERM 
# 
#     Representation of Relative Permeability 
#      -------------- 
#                 0 . Table representation, So-Kro-Krw 
#                 1 . Burdine Correlation 
#                 2 . Corey Correlation 
#                 3 . Chierici Correlation for drainage 
#                 4 . Chierici Correlation for imbibition 
#                 5 . Sigmund & McCaffery Correlation 
#                 6 . B-Spline Correlation 
#                 7 . LET-correlation 
# 
No.OfCurves                     1 
CurveNo                         1 
# 
KrOption                        2 
# 
Corey-No              4.0 
Corey-Ng              2.5 
# 
1 
1 
# 
KroEndPoint           1.0 
KrgEndPoint           1.0 
IrreducibleSorg       0.6 
ResidualSgr           0.0 
# 
0 
1 
1 
0 
# 
# Note: Residual Sgr=0.0 means that the oil saturation is 1.0 
# 
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# Note: When the process is primary drainage the flow starts from unity 
#          oil saturation, hence the residual gas saturation (Sgr) is zero; 
#       Residual Sgr=0.0, above. 
# 
############################################################################# 
CAPPRESS 
# 
#     Representation of Capillary Pressure 
#      -------------- 
#                 0 . Table representation, Sw-Pc 
#                 1 . Skjaeveland 
#                 2 . Burdine Correlation for Drainage 
#                 3 . Bentsen & Anli Correlation for Drainage 
#                41 . LET Primary drainage 
#                42 . LET Imbibition 
#                43 . LET Secondary drainage 
#                 6 . B-Spline Correlation 
#               106 . B-Spline Correlation, Leverett J-scaled 
# 
No.OfCurves             1 
# 
CurveNo                 1 
# 
PcOption                0 
NoOfPoints              9 
# 
# So vs. Pc[kPa] 
# 
# So  Pc[kPa] 
# 
0.60   25190 
0.65    17730 
0.70    12810 
0.75    9460 
0.80    7130 
0.85    5470 
0.90    4250 
0.95    3360 
1.0     2680 
# 
############################################################################# 
CONSTRAINTS 
# 
# ------------------- 
# - Only used for Parameter Estimation. 
# - Relative Permeability: Active for all correlations. 
# - Capillary Pressure: Only active for B-splines and LET. For the other 
#   correlations, upper an lower constraints are controlled by the parameters 
# ------------------- 
# 
MaxKrw[frac.]       1.0 
MaxKro[frac.]       1.0 
MaxPc[kPa]        500.0 
MinPc[kPa]          0.0 
# 
############################################################################# 
RESULTPRINT 
# 
# Type and Unit to Data as output to the file Result.dat 
# 
# Type      Unit 
'TM'       1 
'WPFC'     1 
'OIR1'     1 
# 
# ----------------------------------------- 
#       ---------------                   ----------- 
#       Type:                              Unit 
#       ---------------                   ----------- 
#       TM  :  Real time       1. Minutes 
#       TD  :  Delta time       2. Hours 
#       TR  :  Reset time       3. Days 
#                                            4. Seconds 
#                                            5. PV injected 
# 
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#       CWP :  Cumulative OIL production     1. ml 
#       COP :  Cumulative GAS  production    2. Frac. PV 
#       WPFC:  OIL prod. from the core       3. Frac. OGIP 
#       OPFC:  GAS prod. from the core       4. Frac. OOIP 
#       CWI :  Cumulative OIL injection 
#       COI :  Cumulative GAS  injection 
#       SwAV:  Average OIL saturation 
#       SoAV:  Average GAS saturation 
# 
#       DP  :  Diff. pressure well 1 and 2   1. KPA 
#       P1  :  Well pressure at well 1         2. bar 
#       P2  :  Well pressure at well 2         3. mbar 
#                     4. psi 
#                     5. atm 
# 
#       WPR1:  OIL prod. rate at well 1      1. cc/min 
#       OPR1:  GAS prod. rate at well 1      2. m3/day 
#       WIR1:  OIL inj.  rate at well 1 
#       OIR1:  GAS inj.  rate at well 1 
#       WPR2:  OIL prod. rate at well 2 
#       OPR2:  GAS prod. rate at well 2 
#       WIR2:  OIL inj.  rate at well 2 
#       OIR2:  GAS inj.  rate at well 2 
############################################################################# 
PROFILEPRINT 
# 
TimeUnit               1 
TimeProfile       2,10,50,100,200,1000,2000, 3000, 3500, 4000 
# 
# NOTE: Zero - 0.00 - cannot be used in 'TimeProfile' 
# 
# Time Unit  1: Minutes 
#             2: Hours 
#             3: Days 
#             4: PV injected 
# 
#----------------------------------- 
# 
No.OfProfile         3 
ProfileType        'SW', 'PW', 'PO' 
# 
#       PW:  OIL pressure 
#       PO:  GAS pressure 
#       SW:  OIL saturation 
#       SO:  GAS saturation 
#       PC:  Capillary pressure 
#       HY:  Hysteresis direction 
# 
#----------------------------------- 
# Data at Specified Grid Blocks 
# 
#                 X     Y 
GridBlock-1      1     1 
GridBlock-2      100     1 
# 
############################################################################ 
SIMUPARA 
# 
# -------------------------------- 
TotalSimTime[min]    15000 
# -------------------------------- 
TimeSteps            10000 
MaxIterations        100 
StepFactor           5.00 
ConvergePress[kPa]   0.001 
ConvergeSat[frac]    0.00001 
MinTimestep[min]     0.5 
MaxTimestep[min]     10 
MaxPgChange[kPa]     2.0 
MaxSoChange[frac]    0.02 
############################################################################# 
EXPDATA 
# 
#    Different types of data to history match 
# 
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#                Type: 
#                1: OIL-production 
#                2: GAS-production 
#                3: Differential Pressure 
#                4: OIL Injection Rate 
#                5: GAS Injection Rate 
#                6: In-Situ OIL Saturation (ONLY DESIGN) 
#                7: In-Situ GAS Pressure (ONLY DESIGN) 
#                8: OIL Saturation Profile 
#                9: 2D In-situ OIL Saturation 
# 
# --------- 
#   Units 
# --------- 
# 
#   Time                 : 1: minutes   2: PV injected    3: seconds 
#   Production           : 1: frac. PV  2: ml or cc 
#   Pressure             : 1: kPa       2: bar  3: mbar   4: psi 
#   Saturation           : 1: frac. PV 
#   Length               : 1: relative to core [0,1] 
#   Injection Rate       : 1: ml/min      
# 
# ----------- 
# 
TimeUnit        1 
ProductionUnit  2 
PressureUnit    1 
SaturationUnit  1 
LengthUnit      1 
InjectionUnit   1 
# 
# --------------------- 
# Give the AMOUNT of different Data-types 'Type'  specified above 
# --------------------- 
#  
NoOfTypes       2 
# 
#----------------------------------------------------------------------------    
#  Oil Production 
#---------------------------------------------------------------------------- 
# 
Type                        1 
StandardDeviation          0.1 
# 
#---------------------------------------------------------------------------- 
#   Gas Injection Rate 
#---------------------------------------------------------------------------- 
# 
Type                       5 
Standarddeviation          0.15 
# 
# 
END 
################################################################# 
#                            END OF INPUT                       # 
################################################################# 
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APPENDIX D – Capillary pressure curves 
All curves displayed below are capillary pressure curves derived from mercury injection capillary 
pressure (MICP) measurements with a Leverett’s J-function approach. The MICP measurements were 
performed on a core plug similar to the one used as base case (see main report for detailed specifications). 
 
  
Figure 91: Capillary pressure curve (base case). Figure 92: Capillary pressure curve (5.10
-5
mD 
permeability). 
 
Figure 93: Capillary pressure curve (10
-3
mD 
permeability). 
 
Figure 94: Capillary pressure curve (25% porosity). 
 
Figure 95: Capillary pressure curve (10
-5
mD 
permeability). 
 
Figure 96: Capillary pressure curve (5% porosity). 
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Figure 97: Capillary pressure curve (15% porosity). 
 
Figure 98: Capillary pressure curve (10% porosity). 
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APPENDIX E – Brine production curves with the stepwise method 
The curves displayed hereafter are the results of the stepwise experiments performed during December 
2009 and three core plugs “similar” to the one tested during summer 2010. The threshold capillary 
pressure is considered to be reached when there is a important increase of the brine production, therefore 
the analysis of these graphs does not require any extrapolation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 99: Brine production against time for different levels of pressure injection 
(plug 1 twin). 
Figure 100: Brine production against time for different levels of pressure injection 
(plug 2 twin). 
 
Figure 101: Brine production against time for different levels of pressure injection 
(plug 3 twin). 
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APPENDIX F – Threshold capillary pressure extrapolation on experimental 
curves 
The basic principle of threshold capillary pressure extrapolation, using the experimental curves of 
brine volume produced at the outlet, is to locate the transition point between one phase and two phases 
flow. This point respects the different criteria and assumption stated in the “dynamic approach principle” 
part page 11. 
The slope break can be observed on the volume produced recorded at the outlet of plug 1 (figure 102). 
However given the sampling rate, there are very few points in the zone of interest (i.e. points close to the 
intersection of the two trends corresponding to different flow regimes). 
    
 
 
 
 
 
 
The idea is to use the curve fitting toolbox provided by matlab or any equivalent software. The 
procedure comprises different steps developed hereafter. 
 Smoothing the dataset: this process helps reduce the measurements artefacts that can exist in such 
tests due to the experimental apparatus (see figure 103). 
 
 
 
 
 
 
 
 
 
 
 Modelling the smoothing dataset: the result is a continuous function that will help to locate and obtain 
several values of brine production in the zone of interest (see figure 104). 
 Evaluation of the threshold capillary pressure: the displacement pressure is evaluated using 
calculations presented in the main report for the points in the flow regimes modification. It is still 
clear from figure 105 that with an uncertainty on the break of slope point, the estimation is still in an 
acceptable range. 
 
 
Figure 102: Brine produced at the outlet against time 
for plug 1 with injection pressure of 100 bars. 
Figure 103: Brine volume produced against time 
dataset and smoothed dataset for plug 1 with injection 
pressure of 100 bars. 
Figure 104: Smoothed dataset modelling with 
identification of the “break of slope point” for plug 1 
with injection pressure of 100 bars. 
Figure 105: Threshold capillary pressure curve from 
smoothed dataset modelling with stepwise-found 
threshold capillary pressure in red, the rectangle is 
the break of slope point area. 
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APPENDIX G – Experimental procedure to determine both brine permeability 
and displacement capillary pressure on tight core plugs 
The procedure detailed hereafter explains the different steps followed during the experimental tests. 
 Measurements of core plug length and diameter. 
 Positioning of felts at both extremities of the core plug. 
 Installation of the samples in the thermo-regulated containment shells, filling of the cell with 
marcolle oil 172 and pressurizing at 5 bars. 
 Both extremities are put under vacuum. 
 The volumetric pump is joined up to the cell. 
 Pump filling up checking. 
 After 2 hours of vacuum, saturation of the cell from both top and base. 
 Installation of displacement transducers and strain gauges captors. 
 Increase of confining pressure to 20 bars and pore pressure to 15 bars. 
 Sample checking and then increase of crimping and pore pressures to 25 and 20 bars respectively. 
 Joining up of sample top to the burette. Level in the burette recorded. 
 Opening of sample top valve. 
 Recording of burette volume 
 At the end of the brine permeability measurement, closing of the top valve. 
 Isolation of the volumetric pump and decrease of pressure to 4 bars. 
 Unplugging of volumetric pump and installation of new burette joined up to the base of the cell. 
 Opening of cell base valve. 
 After stabilization, joining up the nitrogen injection device on the top of the cell. 
 Setting of confining pressure and nitrogen injection pressure. 
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